Pancreatic cancer, a leading cause of cancer death, is difficult to treat because clinical presentation is often late, and the disease is resistant to conventional chemotherapy ([@bib34]; [@bib29]). Approximately 57% of patients with pancreatic cancer have distant metastasis at diagnosis, and the 5-year survival rate is only 2% ([@bib32]). Studies of pancreatic cancer have focussed on the *KRAS* oncogene, because \>90% of pancreatic ductal adenocarcinomas (PDACs) carry mutations in this gene. Mutations in *TP53*, *CDKN2A*, *SMAD4*, *MLL3*, *TGFBR2*, *ARID1A*, *SF3B1*, and genes involved in chromatin modification and DNA damage repair systems also contribute to disease development and progression ([@bib3]; [@bib39]; [@bib29]). However, an effective drug target for pancreatic cancer has not yet been developed.

The transmembrane member 16 (TMEM16) family of proteins, also known as anoctamins (ANOs), mediate diverse physiological functions such as ion transport, phospholipid movement across the membrane, and regulation of other membrane proteins ([@bib8]; [@bib24]; [@bib25]). Since ANO1/TMEM16A was identified as a Ca^2+^-activated Cl^−^ channel (CaCC) in 2008 ([@bib8]; [@bib31]; [@bib37]), the biological roles and clinical implications of other ANO/TMEM16 proteins have been described. For example, ANO2/TMEM16B and ANO6/TMEM16F were also found to possess CaCC activity ([@bib24]; [@bib17]), and ANO3/TMEM16C facilitates sodium-activated potassium currents in primary sensory neurons of rats and regulates pain processing ([@bib12]). Recessive mutations of *ANO5/TMEM16E* cause proximal limb girdle muscular dystrophy and distal non-dysferlin Miyoshi muscular dystrophy ([@bib5]). The ANO6 possesses phospholipid scramblase activity that is required for lipid scrambling in platelets during blood coagulation ([@bib24]). In addition, ANO10/TMEM16K is associated with autosomal recessive cerebellar ataxia ([@bib36]).

Some ANOs have been shown to be involved in the development of cancers. For example, overexpression of ANO1 has been observed in gastrointestinal stromal tumours, breast cancer, and head and neck cancer ([@bib10]; [@bib21]; [@bib6]; [@bib33]; [@bib30]) and is correlated with poor prognosis in breast cancer and head and neck cancer ([@bib10]; [@bib6]). The ANO6 is associated with the metastatic potential of breast cancer ([@bib9]), and ANO7/TMEM16G is upregulated in prostate cancer ([@bib2]). In addition, ANO9/TMEM16J, also known as tumour protein p53-inducible protein 5 (TP53I5), was found to be expressed in human colorectal, lung, and breast cancers in an *in silico* screening of p53-associated genes ([@bib16]). However, its biological role and clinical relevance in cancer are not known.

In a preliminary study, we examined the expression of all human ANO members (ANO1--ANO10) in normal pancreatic cells and pancreatic cancer cells to identify protein(s) associated with pancreatic cancer. Our results showed that ANO9 is overexpressed in pancreatic cancer cells, and high ANO9 expression is a poor prognostic factor in patients with pancreatic cancer. In addition, we examined the role of ANO9 in the pathogenesis of pancreatic cancer using an integrated *in vitro*, *in vivo*, and human clinical approach.

Materials and methods
=====================

Cell culture, plasmids, and antibodies
--------------------------------------

The PANC-1 and HEK293T cells were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA). The AsPC-1, BxPC-3, and Capan-2 cells were maintained in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. Immortalised hTERT-HPNE cells were obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in 75% DMEM and 25% Medium M3 Base (Incell Corp, San Antonio, TX, USA; Cat. No. M300F-500) supplemented with 5% fetal bovine serum, 10 ng ml^−1^ human recombinant epidermal growth factor, and 750 ng ml^−1^ puromycin. Cells were grown at 37 °C in a 5% CO~2~ incubator. Human *ANO9* cDNA was purchased from GE Dharmacon (Lafayette, CO, USA; Clone ID: 40122929). The coding regions of *ANO9* were subcloned into the pCMV-Myc-N vector with an N-terminal Myc-tag using *Eco*RI and *Xho*I restriction enzymes. The coding regions of *ANO9* were also subcloned into the doxycycline-inducible (Tet-On) pTRIPZ lentiviral vector using *Age*I and *Eco*RI restriction enzymes. Short hairpin RNA (shRNA) targeting *ANO9* (base sequence: 5′-GAUACAGGGACUACCGCAA-3′) was also inserted into pTRIPZ. To produce replication-incompetent lentiviral particles, pTRIPZ vectors containing *ANO9* cDNA or shRNA against *ANO9* were transfected into HEK293T cells together with the psPAX2 packaging plasmid (Addgene, Cambridge, MA, USA; 12260) and pMD2.G envelope (Addgene 12259); supernatants were collected 24 h after transfection. *Epidermal growth factor receptor* (*EGFR*) cDNA was purchased from Sino Biological Inc. (Beijing, China; Clone ID: H10001-NY), and coding regions of *EGFR* were subcloned into a pCMV vector with a human influenza haemagglutinin (HA) tag. The mammalian-expressible plasmids for *ANO5* were purchased from GeneCopoeia (Rockville, MD, USA; Clone ID: EX-T8509-M02). The mammalian expression plasmids for *ANO1* and *ANO6* have been previously described ([@bib17]; [@bib13]). The coding regions of *ANO1*, *ANO5*, *and ANO6* were subcloned into the pCMV-Myc-N vector with an N-terminal Myc tag. For immunoblotting, antibodies targeting ANO9 were generated by immunising rabbits with synthetic peptides (RLREKMVHGRQRLGGVGAGSRPPM; near the carboxy terminus of ANO9) using the custom antibody production services of Young In Frontier Inc. (Seoul, Korea). The following antibodies were purchased from commercial sources: antibodies against ANO9 for immunohistochemistry (LifeSpan BioSciences, Seattle, WA, USA), ANO1, ANO6, *β*-actin, aldolase A (Santa Cruz Biotechnology, Santa Cruz, CA, USA), EGFR, phospho-EGFR, extracellular signal-regulated kinase1/2 (ERK1/2), phospho-ERK1/2, AKT1, phospho-AKT1, HA, Flag, and Myc (Cell Signaling Technology, Beverly, MA, USA).

Chemicals, transfection, and transduction
-----------------------------------------

Doxycycline, hexadimethrine bromide (Polybrene), dimethyl sulphoxide, erlotinib, and gemcitabine were purchased from Sigma-Aldrich (St Louis, MO, USA). CellTiter 96 AQueous One Solution Cell Proliferation assay was purchased from Promega (Madison, WI, USA). Plasmids were transiently transfected into PANC-1 or HEK293T cells using TransIT-X2 reagent (Mirus Bio Corporation, Madison, WI, USA). For lentiviral transduction, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells were treated with Polybrene for 4 h, and then viral supernatants were added to the cell culture medium. To select cells that stably express the transgene, cells were treated with puromycin (5 *μ*g ml^−1^).

Quantitative PCR analysis
-------------------------

Quantitative PCR (qPCR) was performed using the Applied Biosystems StepOne system (Applied Biosystems, Foster City, CA, USA). According to the comparative threshold cycle (*C*~t~) method ([@bib22]), expression of the target gene was normalised to the expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), yielding the delta *C*~t~ (d*C*~t~) value. Subtracting the d*C*~t~ value under control conditions from the dC~t~ value under experimental conditions yielded the delta delta *C*~t~ (dd*C*~t~) value. Detailed methods are available in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Immunoblotting and surface biotinylation
----------------------------------------

Surface biotinylation and immunoblotting were performed as described previously ([@bib18]). For immunoblotting, HEK293T, hTERT-HPNE, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells were grown and treated according to each experimental condition. The cells were washed three times with ice-cold PBS and then harvested with lysis buffer consisting of 50 m[M]{.smallcaps} Tris-HCl (pH 7.4), 150 m[M]{.smallcaps} NaCl, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 5 m[M]{.smallcaps} EDTA, 5 m[M]{.smallcaps} EGTA, and complete protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). The cells were centrifuged, and the cell lysates were diluted in a 5 × sodium dodecyl sulphate (SDS) sample buffer and separated by SDS--PAGE. The separated proteins were transferred to a nitrocellulose membrane that was incubated with the appropriate primary and secondary antibodies. Protein bands were detected by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA), and band densities were analysed using Multi Gauge ver. 3.0 software (Fujifilm, Tokyo, Japan).

For biotinylation of plasma membrane proteins, cells were treated with buffer containing Sulfo-NHS-SS-Biotin (Pierce, Rockford, IL, USA). After 30 min, the cells were washed with quenching buffer to remove excess biotin and washed twice with PBS. After harvesting the cells and adding NeutrAvidin solution (UltraLink Immobilized NeutrAvidin Beads 10% Pierce), the cells were incubated overnight at 4 °C. Avidin-bound complexes were pelleted (16 000 g) and washed three times. The biotinylated proteins were eluted in a 2 × sample buffer, separated by SDS--PAGE, and immunoblotted with primary and secondary antibodies.

Immunoprecipitation and immunocytochemistry
-------------------------------------------

For the immunoprecipitation assay, PANC-1 cells were co-transfected with the Myc- ANO1, Myc-ANO5, Myc-ANO6, Myc-ANO9, and HA-EGFR plasmids. The cell lysates were mixed with anti-Myc antibodies and incubated overnight at 4 °C in lysis buffer. The immune complexes were collected by binding to protein G/A-Sepharose and washed three times with lysis buffer. The immunoprecipitates and lysates were then separated by SDS--PAGE and immunoblotted with anti-HA antibodies.

To determine the cellular localisation of ANO9, immunocytochemistry was performed in PANC-1 cells transfected with the Myc-ANO9 plasmid using anti-Myc antibodies. The localisation of endogenous ANO9 was evaluated in hTERT-HPNE, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells. The cells cultured on coverslips were fixed in 10% formalin for 10 min and permeabilised with 0.1% Triton X-100 for 10 min at room temperature. Nonspecific binding sites were blocked by incubation for 1 h at room temperature with blocking medium consisting of 0.1 ml PBS containing 5% horse serum, 1% bovine serum albumin, and 0.1% gelatin. The cells were then stained with the appropriate primary antibodies and followed by fluorophore-conjugated secondary antibodies. Images were obtained with a Zeiss LSM780 confocal microscope (Carl Zeiss, Berlin, Germany).

Cell viability and colony formation
-----------------------------------

For cell viability assay, PANC-1 cells were transduced with lentiviral particles for doxycycline-inducible ANO9 overexpression, and AsPC-1, BxPC-3, and Capan-2 cells were transduced with lentiviral particles for doxycycline-inducible shRNA targeting *ANO9* (shANO9). Cell proliferation was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (CellTiter 96 AQueous One Solution, Promega). To evaluate colony formation, cells were plated in 6-well plates (300 cells per plate PANC-1; 3000 cells per plate AsPC-1, BxPC-3, and Capan-2), and colonies were counted 2 weeks later using crystal violet stain.

Xenograft model
---------------

This study was approved by the Committee on Animal Research at Yonsei Medical Center (protocol number 2015-0187), and all animal procedures were performed according to the Yonsei Medical Center Animal Research Guidelines that adhered to the standards articulated in the Animal Research: Reporting of *In Vivo* Experiments (ARRIVE) (<https://www.nc3rs.org.uk/arrive-guidelines>). The PANC-1 xenograft tumours were developed in 6-week-old female nude mice by implanting 1 × 10^7^ PANC-1 cells transduced with pTRIPZ-ANO9/TMEM16J subcutaneously on the right flank. Tumour growth was recorded once a week in three dimensions using a digital caliper. Tumour volume (mm^3^) was calculated as (length × width × height)/2. To induce *ANO9* expression in the PANC-1 xenograft, doxycycline was added to the drinking water (1 g doxycycline and 50 g sucrose in 1 litre water). The ANO9 protein expression in the tumour tissues was confirmed by immunostaining.

Patients
--------

This study was approved by the institutional review board of Gangnam Severance Hospital, Yonsei University, Seoul, Korea (IRB No. 3-2015-0157). A total of 78 patients with pancreatic cancer who visited Gangnam Severance Hospital from August 1998 to May 2012 were enrolled in this study. Inclusion criteria were as follows: (1) age \>18 years, (2) histologically confirmed PDAC, (3) curative resection of pancreatic cancer, and (4) available electronic medical records including treatment information. Exclusion criteria were: (1) unresectable disease treated with systemic chemotherapy, (2) other histologic types such as cystic neoplasms, neuroendocrine tumours, or lymphomas, and (3) synchronous malignancies. The following baseline data were recorded at the time of diagnosis; age, sex, tumour differentiation (grade), tumour stage (T stage), node stage (N stage), lymphovascular invasion, and operation types.

Tissue immunohistochemistry
---------------------------

Paraffin blocks containing pancreatic cancer tissues were selected by reviewing all haematoxylin and eosin-stained slides of surgical specimens. Tissue cores (1.5 mm diameter) were extracted from each donor block and precisely arrayed in a formalin-fixed and paraffin-embedded tissue microarray (TMA) block. Sections of the TMA block were mounted on poly-L-lysine-coated glass slides, deparaffinised with xylene, and rehydrated. Antigen retrieval was performed by autoclaving the slides in 10 m[M]{.smallcaps} citric acid buffer. The slides were incubated for 1 h at room temperature with primary antibodies against ANO9 and then incubated with biotinylated secondary antibodies for 30 min and peroxidase-labelled streptavidin for 30 min. The slides were developed with 3,3′-diaminobenzidine and counterstained with haematoxylin. The staining intensity of ANO9 was scored as negative (0), mild (1+), moderate (2+), or strong (3+) by pathologists who did not have information on the study samples. Positive staining in \<5% of tumour cells was considered negative.

Electrophysiology
-----------------

To measure the Cl^−^ channel activity of ANO9, whole-cell patch clamp recordings were performed in HEK293T cells using ANO1 as a control, as reported previously ([@bib14]; [@bib18]; [@bib13]). Detailed methods are available in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

Results of multiple experiments are presented as mean±s.e.m., and *P*\<0.05 was considered significant. Results of cell culture experiments were compared using Student's *t*-test or analysis of variance followed by Dunnett's multiple comparison test, as appropriate, using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Patient characteristics according to ANO9 expression level were compared using the *χ*^2^ or Fisher's exact test. Disease-free survival (DFS) was defined as the time from surgery to the first documented recurrence or death from any cause. Overall survival (OS) was calculated from the date of surgery to death from any cause. Time-to-event end point was analysed using the Kaplan--Meier method, and DFS and OS of subgroups were compared using the log-rank test. Univariate and multivariate analyses were performed to identify independent prognostic factors for survival using the Cox proportional hazard regression model. Hazard ratios (HRs) and 95% confidence intervals (CIs) were determined using SPSS Statistics 18.0 software (IBM Corporation, Armonk, NY, USA). We further evaluated the prognostic relevance of ANO9 on OS using a public cancer gene expression database (PROGgene V2, <http://www.compbio.iupui.edu/proggene>) ([@bib11]). Data sets that included \>100 patients were analysed by Cox proportional hazard model. Meta-analyses were performed using Comprehensive Meta-Analysis software (version 3.3.070, Englewood, NJ, USA).

Results
=======

ANO9/TMEM16J is overexpressed in pancreatic cancer cells
--------------------------------------------------------

To determine whether a specific ANO protein is associated with pancreatic cancer, we evaluated expression levels of ANO/TMEM16 family genes in three PDAC cell lines (AsPC-1, BxPC-3, and PANC-1) and an immortalised normal pancreas cell line (hTERT-HPNE) by qPCR. Of the 10 ANOs examined (*ANO1*--*ANO10*), all *C*~t~ values except for *ANO5* were \<37 and the dd*C*~t~ values of the three cancer cell lines were analysed ([Figure 1A](#fig1){ref-type="fig"}). The expression of *ANO1* and *ANO9* appeared to be upregulated in AsPC-1 and BxPC-3 cells compared with the hTERT-HPNE control. We focussed on the pathogenic role of ANO9 in pancreatic cancer, because the role of ANO1 in cancer pathogenesis has been examined in studies of several other cancers ([@bib10]; [@bib21]; [@bib6]; [@bib33]).

To confirm the overexpression of *ANO9* in pancreatic cancer cells, we evaluated *ANO9* expression in PANC-1, AsPC-1, BxPC-3, and Capan-2 cells by qPCR and immunoblotting. Our results showed a 2^7^--2^9^-fold increase in *ANO9* mRNA in AsPC-1, BxPC-3, and Capan-2 cells compared with that of hTERT-HPNE ([Figure 1B](#fig1){ref-type="fig"}). The *ANO9* mRNA levels were lower in PANC-1 cells than in the other pancreatic cancer cell lines. We then evaluated ANO9 protein levels in hTERT-HPNE, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells by immunoblot analysis ([Figure 1C](#fig1){ref-type="fig"}). The specificity of ANO9 antibodies generated in this study was verified using protein samples from HEK293T cells with exogenous ANO1, ANO5, ANO6, and ANO9 expression ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}). We found that ANO9 protein was highly overexpressed in AsPC-1, BxPC-3, and Capan-2 cells ([Figure 1C](#fig1){ref-type="fig"}), whereas PANC-1 has little endogenous ANO9. Analysis of ANO9 expression in normal and cancer tissues using a public database (Human Protein Atlas; <http://www.proteinatlas.org>) ([@bib35]) showed that 4 of 12 pancreatic cancer tissues examined expressed ANO9, whereas none of the normal pancreatic tissues expressed ANO9 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). These results support a possible pathogenic role of ANO9 in pancreatic cancer.

The ANO/TMEM16 proteins are plasma membrane proteins having 10 transmembrane domains ([@bib7]). Therefore, we examined the intracellular localisation of ANO9 in PANC-1 cells transfected with pCMV-Myc-ANO9 using a cell surface biotinylation assay ([Figure 1D](#fig1){ref-type="fig"}) and immunocytochemistry ([Figure 1E](#fig1){ref-type="fig"}). In addition, we evaluated the localisation of endogenous ANO9 in the pancreatic cell lines ([Figure 1F](#fig1){ref-type="fig"}). The results indicated that a significant amount of ANO9 protein is expressed at the cell surface in both exogenously and endogenously ANO9-expressing cells.

ANO9 overexpression induces cell proliferation and ERK/EGFR activation in PANC-1 cells
--------------------------------------------------------------------------------------

The PANC-1 cells, which showed a relatively low ANO9 expression ([Figure 1C](#fig1){ref-type="fig"}), were chosen for gain-of-function experiments. After transduction with lentiviral particles generated from pTRIPZ-ANO9, a colony of PANC-1 cells that stably expressed doxycycline-inducible *ANO9* was selected by puromycin (5 *μ*g ml^−1^). Colony formation ability according to ANO9 expression level was then evaluated in the *ANO9*-expressing PANC-1 cells and untransduced PANC-1 cells (controls). Our results showed that colony formation was significantly increased by doxycycline treatment (1 *μ*g ml^−1^) in the *ANO9*-expressing PANC-1 cells but not in untransduced PANC-1 cells ([Figure 2A](#fig2){ref-type="fig"}). Similar results were obtained in the MTS-based cell viability assay using PANC-1 cells transfected with pCMV-Myc-ANO9 ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

To explore the molecular mechanism underlying ANO9-induced cell proliferation, we evaluated the effects of *ANO9* overexpression on AKT/protein kinase B, ERK, and EGFR signalling that are activated in many cancer cells and associated with cell proliferation mediated by other ANO proteins ([@bib4]). We found that *ANO9* overexpression in PANC-1 cells did not affect protein levels of AKT1 or phopho-AKT1 but increased phospho-ERK1/2 levels without affecting total ERK1/2 levels ([Figure 2B](#fig2){ref-type="fig"}), implying that ANO9-mediated cell proliferation is associated with activation of the mitogen-activated protein kinase (MAPK) pathway. In addition, both total EGFR and phospho-EGFR levels were increased in PANC-1 cells overexpressing *ANO9* ([Figure 2B](#fig2){ref-type="fig"}). The ANO1 is thought to directly associate with and activate EGFR that promotes tumourigenesis of head and neck cancers ([@bib4]). Therefore, we examined whether ANO9 physically associated with EGFR in an immunoprecipitation assay and compared its EGFR-binding ability with that of other ANOs. Our results showed that both ANO1 and ANO9 form protein complexes with EGFR in PANC-1 cells, but the binding of ANO9 to EGFR was 132% higher than that of ANO1 ([Figure 2C](#fig2){ref-type="fig"}). Results of qPCR revealed that *ANO9* overexpression did not affect mRNA levels of *EGFR* ([Figure 2D](#fig2){ref-type="fig"}). Collectively, these results indicate that protein complex formation between ANO9 and EGFR, rather than transcriptional regulation, is involved in ANO9-mediated upregulation and activation of EGFR.

Knockdown of ANO9 inhibits pancreatic cancer cell proliferation
---------------------------------------------------------------

Next, we performed loss-of-function experiments in the ANO9-overexpressing AsPC-1, BxPC-3, and Capan-2 pancreatic cancer cells ([Figure 3](#fig3){ref-type="fig"}). After transduction with lentiviral particles generated from pTRIPZ-ANO9-shRNA, a colony of each cell line that stably expressed doxycycline-inducible ANO9 shRNA was selected by puromycin (5 *μ*g ml^−1^). Knockdown of *ANO9* by doxycycline treatment (1 *μ*g ml^−1^) was confirmed by immunoblotting ([Figure 3B](#fig3){ref-type="fig"} and [Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). Colony formation was strongly reduced by doxycycline in cells expressing shRNA against *ANO9* but not in untransduced control cells ([Figure 3A, C, and D](#fig3){ref-type="fig"}), indicating that ANO9 depletion inhibits cell proliferation in pancreatic cancer cells.

To investigate the effects of ANO9 knockdown, the expression and activation of AKT, ERK1/2, and EGFR were assessed in AsPC-1 cells ([Figure 3B](#fig3){ref-type="fig"}). The results were exactly opposite to that of ANO9 overexpression in PANC-1 cells ([Figure 2B](#fig2){ref-type="fig"}), showing that ANO9 depletion inhibited phosphorylation of ERK1/2 without affecting protein level and decreased both total protein level and phosphorylation of EGFR ([Figure 3B](#fig3){ref-type="fig"}). These results support the roles of ERK and EGFR in ANO9-induced tumourigenesis.

ANO9 promotes tumour growth in mice
-----------------------------------

We then examined the effects of ANO9 on pancreatic tumour growth using nude mice implanted with PANC-1 cells that stably express doxycycline-inducible *ANO9*. Our results showed that tumour growth was strongly increased in mice treated with doxycycline ([Figure 4A and B](#fig4){ref-type="fig"}). Immunohistochemistry confirmed ANO9 overexpression in the xenograft tumours of mice treated with doxycycline ([Figure 4C](#fig4){ref-type="fig"} and [D](#fig4){ref-type="fig"}).

ANO9 is associated with poor survival in patients with pancreatic cancer
------------------------------------------------------------------------

To investigate the effects of ANO9 on pancreatic cancer in humans, we evaluated survival in 78 patients with pancreatic cancer according to ANO9 expression level. The ANO9 protein level in tumour tissues was compared with that of normal pancreatic tissues ([Figure 5A--C](#fig5){ref-type="fig"}). Low ANO9 expression (0 or 1+) was observed in 55 (70.5%) patients, and high ANO9 expression (2+ or 3+) was observed in 23 (29.5%) patients. Baseline characteristics of patients according to ANO9 expression are shown in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. Median patient age was 64 years (range, 37--83), and 39 patients (50%) were men. The two groups did not differ significantly according to any of the demographic parameters.

Kaplan--Meier plots for DFS and OS are presented in [Figure 5D and E](#fig5){ref-type="fig"}. Univariate analysis was carried out to determine whether demographic parameters or ANO9 expression level affect DFS and OS. Factors that were significant at *P*\<0.3 were tested using multivariate analysis to identify independent factors associated with DFS and OS. Results of univariate analysis showed that DFS was lower in patients with high ANO9 expression levels in tumour tissues than in patients with low ANO9 expression (median survival 13.3 *vs* 7.5 months, *P*=0.04). This finding was confirmed by multivariate analysis (*P*=0.03, [Supplementary Table 3](#sup1){ref-type="supplementary-material"} and [Figure 5D](#fig5){ref-type="fig"}). Similarly, patients with high ANO9 expression levels showed lower OS in multivariate analysis (median survival time 30.4 *vs* 20.2 months, *P*=0.01; [Supplementary Table 3](#sup1){ref-type="supplementary-material"} and [Figure 5E](#fig5){ref-type="fig"}).

We also investigated the effect of ANO9 on survival using the PROGgene V2 prognostics database ([@bib11]). Data sets of \>100 subjects with pancreatic cancer and containing ANO9 expression data were included in the survival analysis. A meta-analysis of OS using data from three independent cohorts (GSE21501, GSE71729, and TCGA-PAAD) indicated that increased expression of ANO9 is significantly associated with poor survival in pancreatic cancer (overall *P*=0.012; [Figure 5F](#fig5){ref-type="fig"}).

ANO9 knockdown augments the anticancer effects of gemcitabine and erlotinib
---------------------------------------------------------------------------

To explore the possibility of ANO9 inhibition for clinical application, we examined the combinatorial effects of ANO9 knockdown and treatment with anticancer agents. The effects of gemcitabine and erlotinib in cells with or without doxycycline-inducible ANO9 shRNA were assessed by the colony formation assay or MTS-based cell viability assay. In control cells lacking ANO9 shRNA, treatment with doxycycline alone did not affect cell proliferation ([Figure 3](#fig3){ref-type="fig"}). However, doxycycline reduced colony formation and cell viability in AsPC-1 cells transduced with doxycycline-inducible ANO9 shRNA ([Figure 6](#fig6){ref-type="fig"}). Gemcitabine ([Figure 6A--C](#fig6){ref-type="fig"}) and erlotinib ([Figure 6D and E](#fig6){ref-type="fig"}) further reduced colony formation and cell viability in ANO9-depleted cells. ANO9 knockdown appeared to lower the IC~50~ value of erlotinib from 4.51 to 1.50 *μ*[M]{.smallcaps} in the colony formation assay (*P*=0.006, [Figure 6E](#fig6){ref-type="fig"}). The ANO9 knockdown showed similar effects on cell proliferation in BxPC-3 cells ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}) and Capan-2 ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}) cells. Collectively, these results support the potential of ANO9 as a target for drug development in pancreatic cancers, in particular those with high ANO9 expression.

Discussion
==========

In the present study, we demonstrate that ANO9 may serve as a marker for poor prognosis in pancreatic cancer and a potential target for drug development via an integrated *in vitro*, *in vivo*, and clinical investigation. Our results showed that ANO9 is overexpressed in most pancreatic cancer cell lines tested and in ∼30% of tissue samples obtained from patients with pancreatic cancer. Moreover, high ANO9 expression was associated with increased proliferation of pancreatic cancer cells and poor survival in patients with pancreatic cancer.

Experiments in PDAC cell lines indicate that ANO9 promotes proliferation in pancreatic cancer cells. Gain-of-function experiments in PANC-1 cells showed that exogenous ANO9 increased colony formation ([Figure 2](#fig2){ref-type="fig"}) and *in vivo* tumour growth ([Figure 4](#fig4){ref-type="fig"}), and loss-of-function experiments in AsPC-1, BxPC-3, and Capan-2 cells showed that ANO9 depletion inhibited cell proliferation ([Figure 3](#fig3){ref-type="fig"}). Experiments investigating the underlying mechanism of these ANO9 effects showed that activation of MAPK and EGFR was associated with ANO9-mediated cell proliferation ([Figures 2B](#fig2){ref-type="fig"} and [3B](#fig3){ref-type="fig"}).

Activating *KRAS* mutations are found in \>90% of pancreatic cancers ([@bib15]). Although *KRAS* mutations are strongly associated with the initiation of pancreatic adenocarcinoma, additional factors such as EGFR signalling are necessary for KRAS-driven pancreatic tumourigenesis ([@bib1]; [@bib23]). Of the ANO/TMEM16 proteins, ANO1 is the most well studied in terms of its functional and clinical roles. Overexpression of ANO1 is observed in several cancers and is associated with lower survival in patients with these cancers ([@bib10]; [@bib28]; [@bib6]; [@bib27]). Results of previous studies also provide evidence for the involvement of EGFR activation in ANO1-related cancer cell growth and proliferation ([@bib10]; [@bib6]; [@bib4]). In the present study, results of the immunoprecipitation assay suggested that physical association with EGFR is responsible for ANO9-induced activation of EGFR ([Figure 2C](#fig2){ref-type="fig"}). Interestingly, the viability of PANC-1 cells was increased by exogenous expression of ANO1 and ANO9 that associate with EGFR, but not by ANO6 that does not associate with EFGR ([Figure 2C](#fig2){ref-type="fig"}), implying that not all ANOs induce cell proliferation via EGFR ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Notably, the binding ability of ANO9 to EGFR was almost double that of ANO1 ([Figure 2C](#fig2){ref-type="fig"}), indicating that ANO9 has a higher potential to induce EGFR-mediated cell proliferation. How ANO9 can upregulate and activate EGFR remains a question. Most ANO proteins are located at the cell surface and some (e.g., ANO1, ANO2, ANO6) have CaCC activity ([@bib17]; [@bib24]). Although ANO9 is expressed at the plasma membrane ([Figure 1E--F](#fig1){ref-type="fig"}), it did not show CaCC activity ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}), indicating that ANO9-mediated EGFR activation is not associated with CaCC activity.

To better understand the clinical implications of ANO9 expression, we analysed the survival rate of 78 patients who underwent curative resection for primary pancreatic cancer; 70 of these patients (90%) had TNM stage 2 disease. Immunohistochemistry results showed that ANO9 expression levels were high (2+ or 3+) in 29.5% of the pancreatic cancer tissue samples. Patient characteristics and tumour grade did not differ significantly according to the ANO9 expression level ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). However, in univariate and multivariate survival analyses, DFS and OS were significantly shorter in patients with high ANO9 expression, indicating that ANO9 is a poor prognostic factor for pancreatic cancer (average hazard ratio, 1.74--2.64; [Figure 5](#fig5){ref-type="fig"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}). These results were supported by a meta-analysis of pancreatic cancer data sets ([Figure 5F](#fig5){ref-type="fig"}). In contrast, a previous study suggested that decreased expression of ANO9 was correlated with poor prognostic outcomes in colorectal cancer ([@bib19]). Therefore, we also analysed the relationship between ANO9 expression and survival of patients with colorectal cancer in public data sets. Interestingly, the results indicated that ANO9 was not significantly correlated with OS in colorectal cancer ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). The reasons for the differential effects of ANO9 between pancreatic cancer and colorectal cancer are unclear. However, ANO9 is not normally expressed in the pancreas, whereas it is expressed in normal colorectal tissues ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), suggesting that aberrant expression of ANO9 in pancreatic cancer tissues may cause detrimental outcomes, whereas the native expression of ANO9 in colorectal cancers does not have negative effects.

Gemcitabine and erlotinib are used clinically to treat pancreatic cancer ([@bib29]), and these drugs effectively inhibited pancreatic cancer cell proliferation. We found that ANO9 depletion provided an additive effect in inhibiting proliferation of ANO9-positive cancer cells ([Figure 6](#fig6){ref-type="fig"} and [Supplementary Figures 3 and 4](#sup1){ref-type="supplementary-material"}). Notably, AsPC-1 and Capan-2 cells, which carry *KRAS* mutations ([@bib23]), were sensitive to ANO9 inhibition, suggesting that ANO9 may be an effective target in patients with ANO9-positive pancreatic cancers regardless of *KRAS* mutation status. Gemcitabine has been shown to promote pancreatic cancer stemness that is closely associated with drug resistance and tumour relapse ([@bib38]). Combination therapy with an ANO9 inhibitor may help prevent drug resistance and tumour relapse associated with the prolonged use of gemcitabine. Because the EGFR tyrosine kinase inhibitor erlotinib is widely used to treat pancreatic cancer ([@bib29]), ANO9-induced EGFR upregulation may have clinical significance. Overexpression of EGFR is a predictive biomarker for response to anti-EGFR therapy in some cancers ([@bib20]; [@bib26]), suggesting that ANO9 may serve as a useful biomarker for response to EGFR inhibition therapy in pancreatic cancer.

In conclusion, we propose ANO9 as a prognostic marker for poor survival in pancreatic cancer and a potential biomarker for anti-EGFR therapy. Future clinical trials evaluating the prognostic and biomarker value of ANO9 are needed to confirm our conclusions. In addition, our results suggest that ANO9 inhibitors that block ANO9-mediated EGFR upregulation may enhance the therapeutic outcome of chemotherapy with gemcitabine or erlotinib.
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![**The ANO9/TMEM16J is expressed in pancreatic cancer cell lines.** (**A**) Gene expression of ANO/TMEM16 family members in the pancreatic cancer cell lines PANC-1, AsPC-1, and BxPC-3 and the immortalised normal pancreas cell line hTERT-HPNE was determined by qPCR. The −delta delta *C*~t~ (−dd*C*~t~) values of the three cancer cell lines are depicted. The first delta (d*C*~t~) represents the difference in mRNA levels of the target gene and the housekeeping gene GAPDH, and the second delta (dd*C*~t~) indicates the difference from d*C*~t~ of hTERT-HPNE. The mRNA level difference can be estimated using the 2^−dd*C*t^ method. (**B**) Expression of *ANO9* in PANC-1, AsPC-1, BxPC-3, and Capan-2 cells was re-evaluated by qPCR. (**C**) Protein levels of ANO9 in hTERT-HPNE, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells were determined by immunoblotting. Results of multiple experiments are summarised in the bottom panel. The specificity of ANO9 antibodies was examined using protein samples from HEK293T cells transfected with pCMV-Myc-ANO9 (upper left panel, see [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). (**D**) Results of the surface biotinylation assay in PANC-1 cells transfected with pCMV-Myc-ANO9 indicates that ANO9 is expressed on the plasma membrane. ANO9 was blotted with anti-Myc antibodies. (**E**) Immunofluorescence of ANO9 in PANC-1 cells expressing Myc-ANO9 shows that ANO9 is expressed on the plasma membrane (arrowhead). Immunostaining was performed with anti-Myc antibodies. (**F**) Expression and localisation of endogenous ANO9 were evaluated in HPNE, PANC-1, AsPC-1, BxPC-3, and Capan-2 cells by immunofluorescence with anti-ANO9 antibodies. *C*~t~, threshold cycle. Data are presented as mean±s.e.m. \*\**P*\<0.01.](bjc2017355f1){#fig1}

![**Exogenous ANO9 promotes proliferation of PANC-1 cells via ERK and EGFR activation.** (**A**) Colony formation assay. After transduction with lentiviral particles containing doxycycline-inducible *ANO9* (pTRIPZ-ANO9), PANC-1 cells that stably expressed *ANO9* were selected by puromycin (5 *μ*g ml^−1^). Control (untransduced) or transduced PANC-1 cells were plated on 6-well plates (300 cells per plate), and the number of colonies was determined after 2 weeks. Results of multiple experiments are summarised in the bottom panel. Doxycycline treatment increased colony formation of PANC-1 cells transduced with the ANO9-expressing lentivirus but not that of untransduced cells (controls). (**B**) Protein levels of ANO9 and cell signalling proteins were determined in PANC-1 cells transduced with lentiviral particles containing doxycycline-inducible ANO9 after treatment with doxycycline for 1 week. Results of multiple experiments are summarised in the right panel. Overexpression of ANO9 increased protein levels of phosphorylated ERK1/2 (pERK1/2), total EGFR, and phosphorylated EGFR (pEGFR). (**C**) Immunoprecipitation assays were performed with anti-Myc antibodies in PANC-1 cells transfected with plasmids expressing HA-EGFR, Myc-ANO1, Myc-ANO5, Myc-ANO6, and Myc-ANO9. The results of four experiments are summarised in the right panel. EGFR showed the strongest association with ANO9 and only minimal association with ANO6. (**D**) Gene expression of ANO9 and EGFR was evaluated in PANC-1 cells by qPCR. *ANO9* overexpression did not affect mRNA levels of EGFR. Data are presented as mean±s.e.m. NS=not significant; \**P*\<0.05; \*\**P*\<0.01.](bjc2017355f2){#fig2}

![**The ANO9 knockdown inhibits proliferation of AsPC-1, BxPC-3, and Capan-2 cells.** (**A**) Colony formation assay in AsPC-1 cells. After transduction with lentiviral particles containing doxycycline-inducible shRNA against ANO9 (shANO9), AsPC-1 cells that stably expressed shANO9 were selected by puromycin (5 *μ*g ml^−1^). Untransduced AsPC-1 cells (controls) or transduced AsPC-1 cells were plated on 6-well plates (3000 cells per plate), and the number of colonies was counted after 2 weeks. Results of multiple experiments are summarised in the bottom panel. Doxycycline (1 *μ*g ml^−1^) reduced colony formation in AsPC-1 cells transduced with the shANO9-expressing lentivirus but not in untransduced cells. (**B**) Protein levels of ANO9 and cell signalling proteins were determined in AsPC-1 cells transduced with lentiviral particles containing doxycycline-inducible shANO9 by immunoblotting after treatment with doxycycline for 1 week. Doxycycline reduced ANO9 expression in AsPC-1 cells by 82±3%. Results of multiple experiments are summarised in the right panel. Cells expressing shANO9 showed lower levels of phosphorylated ERK1/2 (pERK1/2), total EGFR, and phosphorylated EGFR (pEGFR). (**C** and **D**) Colony formation of BxPC-3 (**C**) and Capan-2 (**D**) cells transduced with lentiviral particles containing doxycycline-inducible shANO9 was assessed as described in (**A**). Knockdown of *ANO9* inhibited colony formation in BxPC-3 and Capan-2 cells. Data are presented as mean±s.e.m. NS=not significant; \**P*\<0.05; \*\**P*\<0.01.](bjc2017355f3){#fig3}

![**The ANO9 promotes tumour growth in mice.** (**A** and **B**) The PANC-1 xenograft tumours were developed in 6-week-old female nude mice by implanting 1 × 10^7^ PANC-1 cells expressing doxycycline-induced *ANO9* subcutaneously on the right flank. Tumour growth of doxycycline-treated mice and untreated mice was recorded once a week. Representative examples are shown in (**A**), and results of multiple experiments are depicted in (**B**). *ANO9* overexpression markedly increased tumour growth in the PANC-1 xenograft model. (**C** and **D**) Immunostaining of ANO9 in the xenograft tumour tissues confirmed doxycycline-induced ANO9 overexpression. Data are presented as mean±s.e.m. \**P*\<0.05.](bjc2017355f4){#fig4}

![**Survival analysis of patients with pancreatic cancer according to ANO9 expression level.** (**A**--**C**) Representative ANO9 immunohistochemistry results of normal pancreas tissue (**A**), tumour with low ANO9 expression (**B**, +0), and tumour with high ANO9 expression (**C**, +3). (**D** and **E**) Kaplan--Meier survival curves for disease-free survival (DFS, **D**) and overall survival (OS, **E**) according to ANO9 expression level in patients with pancreatic cancer. (**F**) Meta-analysis of OS using data from three independent cohorts of patients with pancreatic cancer (GSE21501, GSE71729, and TCGA-PAAD) in PROGgene V2 (<http://www.compbio.iupui.edu/proggene>). Data sets of \>100 subjects containing ANO9 expression data were analysed. Increased expression of ANO9 is significantly associated with poor survival (*P*=0.012).](bjc2017355f5){#fig5}

![**Knockdown of *ANO9* augments the anticancer effects of gemcitabine and erlotinib in AsPC-1 cells.** (**A**--**C**) The antiproliferative effects of the cytotoxic agent gemcitabine were examined in AsPC-1 cells expressing doxycycline-inducible shRNA against *ANO9* (shANO9) using the colony formation assay (**A** and **B**) and the MTS-based cell viability assay (**C**). (**D**--**F**) The anticancer effects of the EGFR inhibitor erlotinib were examined in AsPC-1 cells expressing doxycycline-inducible shANO9 using the colony formation assay (**C** and **D**) and the MTS-based cell viability assay (**F**). ANO9 knockdown additively inhibited cell proliferation when combined with gemcitabine or erlotinib. Data are presented as mean±s.e.m.](bjc2017355f6){#fig6}
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